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Anthropogenic climate change poses an imminent threat to limited freshwater 
resources in the southwest United States as surface temperatures are expected to rise and 
precipitation events become less predictable.  This in turn will increase the reliance on 
local freshwater resources, and, if managed carelessly, may threaten sensitive aquatic and 
riparian ecosystems where groundwaters emanate at springs that supply perennial 
tributaries.  Understanding the influences on perennial tributary water chemistry is 
critical to appropriate management of freshwater resources and riparian ecosystems that 
sustain native species.  Geochemical signatures from water-rock interaction provide a 
means to determine primary influences on variability of water chemistry in groundwater 
and surface waters.   To characterize the water chemistry variability in perennial 
tributaries of the Colorado River in the Grand Canyon region, hydrochemical data, 
geochemical models, and S isotopes provide substantial evidence for water-rock 
interactions being the primary influence on water chemistry.  A hierarchical cluster 
analysis grouped perennial tributaries based on major ion chemistry, yet other 
characteristics not included as variables, such as TDS, geospatial extent, and δ
34
S 
generally follow trends defined by the clustering.  Piper plots coupled with geochemical 
models supports the hypothesis of water rock interactions controlling water chemistry 
variability. 
The twenty sampled waters range in composition from Ca/Mg-HCO3, to Ca-SO4, 
to Na-Cl type waters suggesting varying degrees of influence from carbonate (dolomite 
and limestone) and marine evaporite (gypsum and halite) dissolution on water chemistry.  
Geochemical models were created to characterize evolution of groundwater through 
carbonate aquifers with or without evaporites present, which matches observed chemical 
composition variability.   Sulfur isotopes also support a model of variability in water 
chemistry induced by water-rock interaction without the need for an additional source of 
sulfur from mantle derived fluids (H2S(gas)) as has been hypothesized in previous studies 
in this region.  Results from sulfur isotopes determined 7 of the twenty perennial 
tributaries analyzed for δ
34
S have dissolved sulfate derived from overlying marine 
evaporite rocks of Permian age.  These tributaries generally represent high TDS waters 
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(550 to 1,600 mg/L and one tributary with 200 mg/L) indicating water-rock interaction 
with marine evaporites is the primary influence on TDS.  Three tributaries are only 
influenced by the dissolution of carbonates, while two tributaries are influenced by likely 
sulfide mineral oxidation, though influence of H2S deep magmatic/mantle gases that also 
source CO2 to the waters has been proposed in previous studies and cannot be ruled out 
without additional chemical and isotopic analysis of gases in spring waters.  Two groups 
from the cluster analysis represent seven tributaries that fall between δ
34
S +6 to +8‰ and 
are relatively low TDS waters (200 to 500 mg/L) with small concentrations of dissolved 
sulfate (12 to 41 mg/L).  These groups may be influenced by a mixture of marine 
evaporites and sulfide minerals (or potential H2S gas).  The contributions to dissolved 
sulfate in these tributaries is explored and modeled, but requires more in depth analysis to 
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 Geochemical signatures from water-rock interaction provide a means to determine 
the primary influences on the variability of water chemistry in perennial tributaries.  
Water rock interactions occur in the upper crust as precipitation infiltrates rocks and 
flows down gradient.  As soon as rainwater first comes in contact with any mineral it is 
far from equilibrium and dissolution commences until the water reaches equilibrium, 
which depends on time, mineral surface area, solubility, kinetics and thermodynamics, 
and other common inputs into the system (other fluids, biomass, etc.).  However, with the 
known mineralogy and water chemistry it is possible, following a mass balance 
calculation, to quantify how much dissolution occurred along the flow path.  This 
becomes more convoluted if aquifer mineralogy is heterogeneous, dissolution and 
precipitation reactions are expected to be occurring, or there are multiple inputs into the 
system from unknown sources.  Because waters provide a mineralogical signature many 
hydrologic systems around the world have been characterized by mass balancing 
hydrochemical data with aquifer mineralogy.   
The threats of anthropogenic climate change and rapidly growing populations 
over the next century have increased awareness and demand on freshwater resources, this 
is especially true in arid environments where these resources are historically important.  
Perennial tributaries are either spring fed or sourced from high altitude snow-melt, but in 
arid regions it is more typically the former.  Desert soils are quickly mobilized during 
precipitation events; this has the capacity to mask any base-flow water chemistry signal.  
To characterize a hydrologic system in an arid environment it is important for sampling 
to occur under base flow conditions, while spring waters are the only source for tributary 
discharge.  Under such conditions it is possible to study the dominant water-rock 
interactions and perennial tributary water chemistry using various geochemical and 
isotopic analyses.   
This study describes twenty perennial tributaries of the Colorado River in the 
Grand Canyon region to determine the primary influences on the variability in water 
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chemistry.  While previous studies have characterized the hydrology and water quality, 
only recently have researchers addressed the influences on perennial spring and tributary 
water chemistry.  The results from this study will provide an important baseline 
assessment and geochemical characterization of these dynamic hydrologic systems for 
ecosystem and riparian scientists, water resource managers, and researchers investigating 
water chemistry in similarly arid environments. 
1.1 Setting 
The study area includes a vast region of northwestern Arizona within the 
Colorado River drainage basin between Glen Canyon Dam and Lake Mead.  The 
Colorado River winds its way through deep canyons exposing thousands of feet of 
vertical cliff faces.  The North Rim is approximately 2,400 meters and the south rim is 
approximately 2,100 meters above sea level
1
.  From Lee’s Ferry to Lake Mead the 
elevation drop along the Colorado River is roughly 600 meters (Beus and Morales, 2003).  
The climate in this region ranges from arid to semiarid and is highly variable based on 
elevation in the canyon (Hill and Polyak, 2010).  Precipitation is highest on the canyon 
rim and lowest at river level, while temperatures are lowest at the canyon rim and highest 
at river level (Anders et al., 2005).  Precipitation averages 64.3, 39.6 and 21.6 cm/yr at 
the north rim, south rim, and Phantom Ranch (at river level), respectively
1
.  The 
southwest summer monsoon brings the majority of annual precipitation from the Gulf of 
Mexico and Pacific Ocean, while winter precipitation is controlled by the northeastern 
Pacific Ocean jet stream (Weng and Jackson, 1999).  There is a gradient of vegetation 
zones in the Grand Canyon because of extreme relief and varying climate conditions.  
These zones from river to rim include: riparian, desert scrub, pinyon/juniper woodland, 
ponderosa pine forest, spruce/fir forest, and montane meadows/sub-alpine, respectively
1
. 
Many of the side canyons to the Colorado River between Glen Canyon Dam and 
Lake Mead are ephemeral, while the perennial tributaries are spring fed (Hill and Polyak, 
2010; Tunnicliff and Brickler, 1984).  Extreme fluvial incision throughout the Grand 
Canyon has dissected regional aquifers producing many natural springs that range in size, 
chemistry, and location.  The dominant spring aquifer in this region is the Redwall-Muav, 
                                                 
1
National Park Service, Grand Canyon National Park Profile 2013, http://www.nps.gov/grca/parkmgmt/upload/2013-park-profile.pdf, 
accessed September, 2013. 
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comprised of two Paleozoic karst dolomite-limestone formations separated by the 
discontinuous sandy-dolomite Temple Butte Formation (Beus and Morales, 2003; 
Crossey et al., 2006; 2009; Hill and Polyak, 2010).  The Redwall-Muav aquifer springs 
vary in chemical composition, leading to the interpretation that aquifer lithology is not 
the only influence on spring chemistry (Crossey et al., 2006; Monroe et al., 2005).   
Gypsum is the dominant marine evaporite recorded in the Grand Canyon region 
and is predominantly in the Kaibab and Toroweap Formations (Cheevers and Rawson, 
1979; Rawson and Turner-Peterson, 1980; Hopkins and Thompson, 2003; Turner, 2003).  
Gypsum is well documented in the study area, but it is not known how these highly 
soluble and reactive minerals interact with water in recharge areas or along subsurface 
flow paths.  These gypsum evaporite facies are described as coastal sabkha deposits with 
occasional cross bedding, ripple marks, mudcracks, and rain drop impressions (Cheevers 
and Rawson, 1979).  Mudcracks and raindrop impressions indicate that there was areal 
exposure for a period of time, and other evaporite minerals could have precipitated in the 
deepest part of the sabkha basin.  There is evidence of active dissolution of evaporites 
from the Woods Ranch Member of the Toroweap Formation from contorted beds, 
solution cavities, and brecciated sands and limestone from overlying units (Turner, 2003; 
Rawson and Turner-Peterson, 1980; Altany, 1979; Huntoon, 1974).  The Kaibab and 
Toroweap formations were deposited approximately 260 Ma (Hopkins and Thompson, 
2003; Turner, 2003), during a time when global seawaters had a δ34S composition 
between +10‰ and +15‰ (Warren, 2006; Lowenstein et al., 2001).  
1.2 Previous work 
1.2.1 Method specific 
 The pioneers of geochemical and mass balance methods to determine primary 
influences on water chemistry are Garrels and Mackenzie (1967), who analyzed Sierra 
Nevada spring waters and determined the primary minerals dissolving along subsurface 
flow paths by balancing the known mineralogy with the major ions in solution.  Plummer 
(1977) used mineral-water equilibria and mass balance calculations to characterize the 
geochemical evolution of groundwater in the Floridan aquifer as it flows down gradient 
and interacts with various minerals influencing the water chemistry.  Guler et al. (2002) 
reviewed graphical and statistical methods for classifying water chemistry data based on 
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ease of clustering, use, and interpretation.  The combination of both graphical and 
statistical methods to characterize hydrochemical data maximizes the advantage of each 
technique while minimizing their limitations (Guler et al., 2002).  The methods 
developed and reviewed from these studies provide insight into the techniques for 
characterization of groundwater in a variety of settings (Garrels and Mackenzie, 1967; 
Plummer, 1977; Guler et al., 2002).  The present study uses graphical and statistical 
techniques to characterize the primary influences on variable perennial tributary water 
chemistry in a setting where hydrologic, mineralogic, and water chemistry data are 
available.   
1.2.2 Site specific 
The geology of the Grand Canyon was first investigated over 150 years ago 
beginning with Jules Marcou in 1856 and John Strong Newberry in 1857-1858 followed 
by John Wesley Powell’s extensive exploration of the Colorado River in 1869 (Beus and 
Morales, 2003; Powell, 1875).  The 1:100,000 scale geologic maps for this region were 
produced by Billingsley et al. (2000; 2003; 2006; 2008; 2012) and are digitized to allow 
in depth geospatial analysis of catchment and aquifer mineralogy in the study area.  Each 
formation has been described in detail based on mineralogy, sequence stratigraphy, and 
paleontology (Beus and Morales, 2003; Billingsley et al., 2000; 2003; 2006; 2008; 2012). 
Previous work which summarized karst hydrology (Huntoon, 1970; 1974; 1981; 
2000a,b; Hill et al., 2001; Hill and Polyak, 2010), perennial spring geochemistry 
(Crossey et al., 2006;2009), perennial tributary water quality (Monroe et al., 2005; 
Johnson et al., 2007), detailed geologic mapping (Billingsley, et al., 2000; 2003; 2006; 
2008; 2012), and stratigraphic interpretation of principal formations (Beus and Morales, 
2003) provides a great foundation for the current disparate investigation of primary 
influences on the variability of perennial tributary water chemistry in the Grand Canyon.   
Huntoon (1970) was the first to describe the detailed karst hydrology of the 
Kaibab Plateau and how surface waters interact with the Paleozoic strata recharging north 
rim springs.  The upper 900 feet of the Kaibab Plateau is where the majority of 
groundwater circulation occurs, flowing laterally until it either intersects major fractures, 
which drain into the karstic aquifer of the Redwall-Muav, or the groundwater reaches 
vertical cliffs where it discharges as seeps or small springs (Huntoon, 1970; 1974; 
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2000a).  The Precambrian units beneath the Paleozoic sedimentary rocks are 
disconnected from the upper hydrologic system by the Bright Angel Shale (Huntoon, 
1970; 2000a).  The gypsum sections of the Toroweap Formation are extremely soluble 
and develop sinkholes (Huntoon, 1970; 1974).  The shales and gypsum units in the 
Paleozoic rocks are highly permeable where fractured, except for the Bright Angel Shale 
which gets filled with an impermeable gouge that keeps the hydrologic system in the 
Paleozoic section isolated from the Precambrian basement (Huntoon, 1970).   
Hill et al. (2001) conducted a study on paleocaverns to describe the historical 
evolution of the water table in an attempt to date the age of the Grand Canyon as it was 
incised by the Colorado River.  Spelothems were used to constrain the various stages of 
paleowater tables, sulfur isotopes (δ
34
S) analyzed from gypsum speleothems ranged 
widely from -11 to +6‰ (Hill et al., 2001).  The authors concluded that the gypsum 
precipitation in paleocaverns was not sourced from overlying thick sequences of marine 
evaporites, but from hydrocarbons (Hill et al., 2001). 
Crossey et al. (2006; 2009) analyzed perennial spring fluids in the Grand Canyon 
region and concluded that high sulfate and chloride concentrations along with excess CO2 
gases emanating from springs of perennial tributaries are a result of faults delivering 
mantle-derived fluids which intersect active groundwater flow paths.  Two general water 
types were described in these studies; epigenic and endogenic, with the former being 
described as travertine depositing springs with elevated concentrations of CO2, higher 




Sr, while the latter is considered to be derived from plateau 
aquifers via surface recharge (Crossey et al., 2006).  This hypothesis was further 
supported by Hill and Polyak’s (2010) study which described the descent of a paleo water 
table by detailed characterization of speleothems in Redwall-Muav caves of the Grand 
Canyon region.  This study was largely redundant of what Hill et al., (2001) reported, 
with no new δ
34
S data, but based their hypothesis on Crossey et al. (2006; 2009) findings 
that the cave gypsum precipitated with sulfate derived from volcanic fluids or 
hydrocarbons, and not from overlying marine evaporites. 
Water quality studies of perennial tributaries in the Grand Canyon are largely 
conducted for the National Park Service due to large numbers of visitors, National Park 
infrastructure, and adjacent American Indian lands which all utilize the limited freshwater 
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resources in this arid environment.  Monroe et al. (2005) reported temporal baseline 
water quality and residence times from south rim springs adjacent to population centers 
and groundwater withdrawal sites from May 2000 to September 2001.  Carbon dated 
water samples collected from 14 springs and 5 creeks found age ranges from modern to 
approximately 3,400 years old, suggesting perennial spring flow paths carrying modern 
waters may intersect flow paths carrying older waters (Monroe et al., 2005).  Karst 
aquifer permeability can span many orders-of-magnitude, and the presence of sink holes, 
vertical fractures or joints, and a range in residence time suggest there are multiple 
recharge areas for the perennial springs (Monroe et al., 2005; Huntoon, 1974; 2000a).  
Monroe et al. (2005) found arsenic and uranium concentrations exceed USEPA 
and maximum contaminant levels (MCL) for several springs from the south rim, and 
δ
18
O and δD are similar across the study area indicating recharge is from the Coconino 
Plateau and that evaporation caused isotopic fractionation.  A water quality report 
conducted by the Arizona Department of Environmental Quality (ADEQ) in 2007 found 
arsenic concentrations above the MCL for drinking water in two tributaries and lead 
concentrations that were above the human health total water quality standard in two 
tributaries of the Colorado River in the Grand Canyon (Johnson et al., 2007).  Dissolved 
or suspended metals in tributary waters have the potential to influence aquatic ecosystems 
by metal bioaccumulation in the food web (Dallinger, et al., 1987; Schmidt et al., 2012).  
Historical mining in the vicinity of Grand and Marble Canyons (Kenny, 2002) degraded 
local water quality (Mazzu, 1995) and forced the Park Service to design management 




The Colorado River is one of the largest freshwater resources in the United States 
and supplies water to millions of Americans in the southwest.  The Bureau of 
Reclamation manages Glen Canyon Dam and is in charge of allocating enough water 
downstream to maintain contentious water rights between seven states and Mexico, who 
all partially reside in the Colorado River Basin and rely on it for consumption, industry, 
                                                 
3
National Park Service, Proposal to Close Abandoned Mine Lands Environmental Assessment, circa 2009, 
http://parkplanning.nps.gov/projectHome.cfm?projectID=24740, accessed September, 2013. 
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agriculture, or recreational activities
4
.  Growing populations in the southwest and the 
threat of anthropogenic climate change has the potential to increase the demand for this 
fresh water resource far beyond what it can sustain.  
The construction of Glen Canyon Dam was completed in1964, since then 
discharge has been regulated based on electricity demand, which pulses daily between 7 
and 18 thousand cubic feet per second (CFS)
2
.  The water released from Glen Canyon 
Dam comes from the cold and anoxic hypolimnion of Lake Powell (Vernieu, 2005), 
which has drastically altered a highly dynamic warm muddy fluvial system into an 
engineered waterway.  Native species struggle to adapt to much lower suspended 
sediment, colder water temperatures, and completely different water chemistry.  The 
majority of tributaries to the Colorado River in the Grand Canyon region are ephemeral, 
while the few perennial tributaries that are large enough to sustain aquatic animal habitats 
are now critical zones for indigenous species in this complex ecosystem.   
A well-known species experiencing this habitat dichotomy is the humpback chub 
(HBC), which was first listed as an endangered species in 1967 (Anderson, 2009; 
Coggins and Walters, 2009).  Shortly after construction of the Glen Canyon Dam, HBC 
lost nearly all of their native habitat in the Colorado River corridor of the Grand Canyon 
resulting in a massive population die-off, with the exception of the Little Colorado River 
where HBC populations were reported to be increasing between 2001-2008 (Anderson, 
2009).  The water quality of perennial tributaries is highly variable and may not provide 
suitable habitats for aquatic species, either because of water chemistry or insufficient 
base flow discharge. 
Perennial tributary or spring water quality and provenance has been the focus of 
studies in the past, but there is very little known about what influences the variability of 
perennial tributary water chemistry.  Understanding the chemistry of perennial tributaries 
and the Colorado River is critical to managing healthy populations of aquatic animals and 
meeting appropriate water standards for the millions of people who rely on it.  In the 
immediate vicinity of Grand Canyon National Park are American Indian lands, National 
                                                 
4
Bureau of Reclamation, Law of the River, http://www.usbr.gov/lc/region/g1000/lawofrvr.html, accessed September, 2013. 
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 and complex ecosystems in the canyons, all of which depend on these 
limited freshwater resources.   
1.4 Purpose 
 The purpose of this study is to investigate the influences on the variability of 
water chemistry among twenty perennial tributaries of the Colorado River in the Grand 
Canyon.  Despite the enormous amount of research conducted in this setting, only 
recently have researchers begun to address the primary controls on the chemistry of 
perennial tributaries.  Previous studies have attributed the unique water chemistry of 
springs and perennial tributaries to deep basin brines, hydrocarbons, or mantle-derived 
fluids (Crossey et al., 2006; 2009; Hill and Polyak, 2010).  This study uses major 
cation/anion water chemistry, geochemical modeling, and stable isotopes to test the 
hypothesis that influences of water-rock interaction from sedimentary units along 
subsurface flow paths can describe the variability in water chemistry.   
 The results from this study will assist future research of aquatic animals in 
perennial tributaries to understand what the controls are on water chemistry and how that 
influences aquatic and riparian ecosystems.  The extreme juxtaposition between a natural 
habitat and an engineered system provides a unique case of how native species adapt 
under various levels of stress.  A counter hypothesis to previous studies of primary 
controls on water chemistry variability of twenty perennial tributaries to the Colorado 
River in the Grand Canyon is presented and defended.  The methods presented in this 
study may be applicable for characterizing hydrologic systems in other arid 
environments.  As arid regions experience the influences of anthropogenic climate 
change, fresh water resources for adjacent communities will become more valuable, 
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2.1 Introduction 
 Geochemical signatures from water-rock interaction provide a means to determine 
primary influences on variability of water chemistry in groundwater and surface waters. 
Dilute rainwater is far from equilibrium with respect to minerals found in rocks.  Water 
rock interactions driven by this departure from equilibrium occur at rates that depend on 
mineral surface area, solubility, and other inhibitors or catalysts for kinetics of reactions 
(Paces, 1983; Brantley, 2005; 2008 and references therein).   The water chemistry retains 
a signature of these water-rock reactions that occur along a flow path and mass balance 
methods use this water chemistry to constrain amounts and rates of mineral dissolution 
(Garrels and Mackenzie, 1967; Plummer, 1977; Plummer and Back, 1980; Hem, 1985; 
Drever, 1997; Palandri and Kharaka, 2004; Brickler et al., 2005).  Hydrogeochemical 
investigations of groundwater have shown that dissolution of gypsum and anhydrite 
contributes to dolomite dissolution and calcite precipitation, (also known as 
dedolomitization; Plummer and Back, 1980; Plummer et al., 1990; Sacks et al., 1995; 
Hidalgo and Cruz-Sanjulian, 2001; Szynkiewicz et al., 2012), the presence of CO2 affects 
mineral reactions (Garrels and Mackenzie, 1967; Navarre-Sitchler and Thyne, 2007), and 
generating a budget of dissolved species can account for possible water-rock interactions 
in the subsurface (Hem, 1985; Drever, 1997; Brickler et al., 2005).  These methods have 
improved our understanding of water-rock interactions in the earth’s crust and defined 
methods for quantifying such processes. 
In arid environments, where groundwater and surface water resources are 
important and sensitive ecosystems exist, an understanding of controls on water 
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chemistry can provide a basis for evaluation of these limited freshwater resources.  Here 
we evaluate the water-rock interaction controls on chemistry of spring fed perennial 
tributaries of the Colorado River in the Grand Canyon.  In a region where these 
tributaries provide important ecosystem habitat for riparian and aquatic animals, such as 
the endangered humpback chub (Gila cypha), that used to inhabit the warm, turbid waters 
of the Colorado River prior to the construction of Glen Canyon Dam and resulting 
decrease in water temperature and sediment load in the dam tail waters (Kaeding and 
Zimmerman, 1983; Anderson, 2009; Coggins and Walters, 2009). 
Most of the tributaries of the Colorado River between Glen Canyon Dam and 
Lake Mead are ephemeral, while the few that are perennial are spring fed (Tunnicliff and 
Brickler, 1984; Hill and Polyak, 2010).  Extreme fluvial incision throughout the Grand 
Canyon has dissected regional aquifers producing many natural springs that range in size, 
chemistry, and location (Crossey et al., 2006; 2009; Hill and Polyak, 2010).  The 
dominant aquifer in this region is the Redwall-Muav, comprised of two Paleozoic karst 
dolomite-limestone formations separated by the discontinuous sandy-dolomite Temple 
Butte Formation (Figure 2.1) (Beus, 2003; Crossey et al., 2006; 2009; Hill and Polyak, 
2010).  Perennial tributary waters are also important habitat for endangered fish, while an 
understanding of the water chemistry can help trace where these fish spawn and thrive 
based on otolith chemistry (Hayden et al., 2012).  Understanding perennial tributary 
water chemistry will provide insight of water-rock-gas interactions from the Colorado 
Plateau, an important geographic region whose origin is not yet well understood (Crossey 
et al., 2006; 2009).  Finally, an understanding of influences on the water quality of 
perennial springs and tributaries will improve the management of these limited 
freshwater resources for adjacent communities (Monroe et al., 2005; Johnson et al., 
2007).  Water-rock interaction causes localized water quality issues and unusual water 
chemistry in the tributaries (Johnson et al., 2007) potentially impacting aquatic 
ecosystems with increased dissolved or suspended metals in surface waters (Dallinger et 
al., 1987; Schmidt et al., 2012).  
Multiple studies (Monroe et al., 2005; Crossey et al., 2006; 2009; Johnson et al., 
2007) describe variable water chemistries in perennial springs and tributaries, which 




Figure 2.1. Modified from Monroe et al., (2005).  Stratigraphic section 
of the major formations in the study area. 
 
is not the only influence on water chemistry.  Based on a water quality study of perennial 
tributaries, there is significant variability in the contribution of metal loads among the 
tributaries to the Colorado River (Johnson et al., 2007).  South rim spring waters in the 
immediate vicinity of Grand Canyon Village range in age from modern to 3,500 years, 
while each spring has a distinctly different chemical composition (Monroe et al., 2005).  
Water and gas chemistries sampled from springs across the Grand Canyon region vary in 
temperature, total dissolved solids (TDS), CO2 gas, and travertine precipitation (Crossey 
et al., 2006; 2009).  These spring chemistries have been attributed to upwelling of 
volcanic fluids through large faults in the region (Crossey et al., 2006; 2009).  Studies 
from Hill et al. (2001) and Hill and Polyak (2010) analyzed sulfur isotopes from 
speleothems in Redwall-Muav caves of the Grand Canyon region and the results do not 
match marine gypsum from the overlying Kaibab formation.  Kaibab gypsum has δ
34
S of 
+14‰ or +15‰, while speleothems in Redwall-Muav caverns have δ
34
S ranging from -4‰ 
to -11‰ in south rim caves of the western Grand Canyon and from +3‰ to +6‰ from 
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caves farther south and west (Hill et al., 2001).  The speleothem gypsum is postulated to 
reflect a volcanic sulfur or hydrocarbon source (Hill and Polyak, 2010). 
Based on results from previous studies, variation in water chemistry in perennial 
tributaries to the Colorado River (temperature, TDS, gas flux, and travertine 
precipitation) has been attributed to upwelling of deep fluids along faults and water-rock 
interaction has not been separately evaluated as a source of the variability.  In the nearby 
Lake Mead basin, evaporite dissolution has been shown to influence groundwater 
composition and produce high TDS and sulfate concentrations in springs supplying 
perennial tributaries that drain into the Virgin River and Lake Mead (Lyles et al., 1987; 
Thomas et al., 1996; Pohlmann et al., 1998; Hershey et al., 2010).  Observed variation in 
TDS and major ion chemistry in the Lake Mead region is attributed to groundwater flow 
paths within a carbonate aquifer that intersect spatially discontinuous evaporite beds 
(Pohlmann et al., 1998).  
In carbonate aquifers dissolution of marine evaporite rocks is a common source of 
increases in SO4
2-
 concentrations along groundwater flow paths (Plummer, 1977; 
Plummer et al., 1990; Hidalgo and Cruz-Sanjulian, 2001; Hershey et al., 2010; 
Szynkiewicz et al., 2012). The presence of gypsum is well documented as the dominant 
marine evaporite in the Kaibab and Toroweap Formations in the area of the Grand 
Canyon (Figure 2.2) (Cheevers and Rawson, 1979; Rawson and Turner-Peterson, 1980; 
Sorauf and Billingsley, 1990; Hopkins and Thompson, 2003; Turner, 2003).  Gypsum 
evaporite facies are described as coastal sabkha deposits with occasional cross bedding, 
ripple marks, mudcracks, and rain drop impressions (Cheevers and Rawson, 1979).  
Mudcracks and raindrop impressions indicate that there was areal exposure for a period 
of time, and other evaporite minerals, such as halite, could have precipitated in the 
deepest part of the sabkha basin.  Contorted beds, solution cavities, and brecciated sands 
and limestones from overlying units indicate active dissolution of these evaporites in the 
Woods Ranch Member of the Toroweap Formation (Huntoon, 1974; Altany, 1979; 
Rawson and Turner-Peterson, 1980; Turner, 2003).  Here we use major ion chemistry and 
stable isotopic composition of sampled waters with geochemical models to evaluate the 
contribution of water-rock interaction to variability in water chemistry in twenty 




Figure 2.2.  Sample locations are yellow dots and the respective tributary drainage areas 
are outlined in red.  The eastern areal extent of the Toroweap and Kaibab Formations are 
dot-dashed and narrow-dashed lines (blue and green), respectively (Sorauf and 
Billingsley, 1990).  The south and eastern areal extent of Woods Ranch Member from the 
Toroweap formation is shown in orange dashed line and is predominantly composed of 
gypsum (Rawson and Turner-Peterson, 1980). 
 
2.2 Methods 
2.2.1 Study area 
The study area includes a vast region of northwestern Arizona within the 
Colorado River drainage basin between Glen Canyon Dam and Lake Mead.  Figure 2.2 
shows the twenty perennial tributary sample locations with their respective drainage 
areas.  The Colorado River winds its way through deep canyons exposing thousands of 
feet of vertical cliff faces.   The north rim is approximately 2,400 meters and the south 
rim is approximately 2,100 meters above sea level
1
.  From Lee’s Ferry to Lake Mead, a 
                                                 
1
National Park Service, Grand Canyon National Park Profile 2013, http://www.nps.gov/grca/parkmgmt/upload/2013-park-profile.pdf, 
accessed September, 2013. 
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distance of 450 river kilometers, the elevation drop along the Colorado River is roughly 
600 m (Beus and Morales, 2003).  The climate in this region ranges from arid to semiarid 
and varies based on elevation in the canyon (Hill and Polyak, 2010).  Precipitation is 
highest on the canyon rim and lowest at river level, while temperatures follow the 
opposite trend (Anders et al., 2005).  Precipitation averages 64.3, 39.6 and 21.6 cm yr
-1
 at 
the north rim, south rim, and Phantom Ranch, respectively
1
.  The southwest summer 
monsoon supplies the majority of annual precipitation from the Gulf of Mexico and 
Pacific Ocean and winter precipitation is controlled by the northeastern Pacific Ocean jet 
stream (Weng and Jackson, 1999). 
2.2.2 Sample collection 
Water samples were collected in both Marble and Grand Canyon from visibly 
flowing tributaries, with the exception of the Paria River, Lava Canyon, and Monument 
Creek, from June 22
nd
 to July 8
th
, 2013.  Table 2.1 lists the 38 sample locations along the 
Colorado River which comprised: 22 tributaries, 11 Colorado River (main stem) samples, 
1 spring, 2 field blanks, and 2 duplicates.  Tributary samples were taken within 
approximately one kilometer of the confluence with the main stem, except for one of the 
two samples in Nankoweap Creek where a fault intersects the creek 4 km upstream.  
Main stem samples were taken above and below the confluence of North Canyon Wash, 
Nankoweap, Little Colorado, Kanab, 194 Mile Canyon, and a final sample was taken at 
Pearce Ferry.  Eleven of the tributaries sampled drain from the north rim and ten 
tributaries drain from the south rim of the Grand Canyon.  Sampling was conducted 
under base flow conditions as tributaries were clear and there was no recorded 
precipitation at Grand Canyon National Park (36.0⁰ N, 112.1⁰ W) between May 12th and 
July 2
nd




 with the 




.  These small precipitation events 
did not influence tributary water turbidity at the time of sampling, while only one 
negligible precipitation event was observed July 2
nd
, it did not saturate the ground or 
contribute to any surface runoff.  Tributaries sampled are all spring fed and considered to 
be reliably perennial (Johnson et al., 2007; Monroe et al., 2005; Tunnicliff and Brickler, 
                                                 
2
 Almanac weather referenced from wunderground.com 
http://www.wunderground.com/history/airport/KGCN/2013/7/5/DailyHistory.html, accessed April 13, 2014. 
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1984).  The main stem samples were taken to evaluate longitudinal changes in water 
chemistry of the Colorado River. Latitude and longitude was recorded at each sample 
location with a handheld GPS.  At two sites, Matkatamiba Creek and Travertine Canyon, 
the GPS could not locate satellites so a location was taken once reception improved, 
which was at the confluence of both tributaries.   
Field sampling methods are described in detail in Wanty et al. (2009).  At each 
sample site: pH, water temperature, streambed temperature, air temperature, and specific 
conductance were measured. The pH meter/electrode combination was calibrated at the 
beginning of each sampling day with 3 standard buffers (pH 4.00, 6.86, and 9.18 at 25 
°C).  All three buffers were checked prior to each sample collected and the meter was 
recalibrated if the buffer did not measure within ±0.05 pH units of the buffer.  After water 
samples were collected, properly labeled, and treated they were either chilled in a cooler 
or stored at ambient temperatures (Table 2.2).  A 0.45-μm filter was used for filtered 
samples and ultrapure HNO3 was used to acidify the samples to a pH ~1.  Two field 
blanks were prepared with doubly-deionized water that was brought from the lab and 
treated as a sample in the field.   
2.2.3 Water chemistry 
 Water samples were analyzed at the U.S. Geological Survey in Lakewood, 
Colorado.  Cations were analyzed by inductively coupled plasma mass spectrometry 
(ICPMS) and inductively coupled plasma atomic emission spectrometry (ICPAES) to 
measure concentrations for major species and trace metals (Appendix A).  Alkalinity was 
measured by automatic titration with standardized H2SO4 (0.0186M) to an endpoint of 
pH 4.5.  Anions were measured by ion chromatography on a Dionex DX-120 IC with 
carbonate/bicarbonate eluent. 
Oxygen and hydrogen stable isotopes were prepared and analyzed at the USGS 









O) from water samples were determined using standard 
methods (Epstein and Mayeda, 1953; Coleman et al., 1982).  Oxygen isotope ratios were 
measured on a Micromass Optima by dual inlet mass spectrometry after equilibration 
with CO2 (Alpers et al., 2013).  Hydrogen isotope ratios were measured on a Finnigan 
MAT 252 by dual inlet mass spectrometry after quantitative conversion to H2 by the zinc  
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Table 2.1.  Field data collected from twenty perennial tributaries, 1 spring, 11 main stem 
samples, 2 duplicates, and 2 field blanks.  Note, pH, Temp, or conductivity were not 
measured for field blanks, and * indicates duplicate sample. 
Field 
Number Latitude Longitude 
River 





13AZ-1 36.622 -111.777 33 North Canyon Wash 8.73 21.4 548 
13AZ-2 36.62462 -111.76398 33 
North Canyon Wash, 
Downstream 7.96 10.6 756 
13AZ-3 36.63112 -111.76388 33 
North Canyon Wash, 
Upstream 7.98 10.3 759 
13AZ-4 36 -111 33 Field Blank       
13AZ-5 36.428 -111.87202 63 Red Bud Spring 8.84 32.1 423 
13AZ-6 36.27929 -111.8917 84 
Nankoweap Creek, 
fault 8.64 22.4 633 
13AZ-7 36.31941 -111.8621 84 Nankoweap, Upstream 7.94 11.4 780 
13AZ-8 36.30669 -111.85863 84 Nankoweap Creek 8.78 32.2 701 
13AZ-9 36.30531 -111.85626 84 Nankoweap, Down 8.00 12.1 769 
13AZ-10 36.19292 -111.794 99 Little C. 8.03 26.7 4,600 
13AZ-11 36.19292 -111.794 99 Little C.* 8.03 26.7 4,600 
13AZ-12 36.185 -111.811 99 Little C. Downstream 8.15 12.7 842 
13AZ-13 36.1987 -111.80053 99 Little C. Upstream  8.05 10 780 
13AZ-14 36.08244 -112.03596 136 Clear Creek 8.84 31.5 331 
13AZ-15 36.09921 -112.0925 141 Bright Angel Creek 8.80 24.8 306 
13AZ-16 36.09858 -112.11159 143 Pipe Creek 8.65 26.6 480 
13AZ-17 36.09969 -112.20956 153 Hermit Creek 8.50 26 671 
13AZ-18 36.1353 -112.24431 158 Crystal Creek 8.57 30.8 2,800 
13AZ-19 36.23717 -112.34904 175 Shinumo Creek 8.85 24.8 284 
13AZ-20 36.19726 -112.45056 187 Royal Arch Creek 8.54 22.8 850 
13AZ-21 36.34762 -112.45109 212 Stone Creek 8.50 31.7 427 
13AZ-22 36.37103 -112.46893 215 Tapeats Creek 8.70 17.1 312 
13AZ-23 36.39548 -112.50512 219 Deer Creek 8.20 16.5 398 
13AZ-24 36.38975 -112.63736 231 Kanab, Downstream 8.33 15.1 821 
13AZ-25 36.39287 -112.61015 231 Kanab, Upstream  8.30 14.3 837 
13AZ-26 36.39896 -112.63126 231 Kanab Creek 8.43 31.1 1,213 
13AZ-27 36.38991 -112.63817 231 Kanab, Downstream*  8.25 15.1 828 
13AZ-28 36.34170 -112.67143 238 Matkatamiba Creek 7.82 27.2 1,408 
13AZ-29 36.30654 -112.76152 252 Havasu Creek 8.47 22.3 688 
13AZ-30 36.08983 -113.25274 309 194 Mi. Can, Upstream 8.30 16.4 836 
13AZ-31 36.09255 -113.26992 309 194 Mi. Can, Down 8.39 16.6 839 
13AZ-32 36 -113 309 Field Blank       
13AZ-33 36.01953 -113.35049 327 Spring Canyon 7.70 29.5 637 
13AZ-34 35.8856 -113.30889 346 Three Springs Creek 8.21 28.7 652 
13AZ-35 35.76553 -113.37343 362 Diamond Creek 8.65 24.4 747 
13AZ-36 35.75141 -113.42485 377 Travertine Canyon 8.70 25.7 869 
13AZ-37 35.82386 -113.64754 394 Spencer Creek 8.60 30 645 




Table 2.2.  The four samples collected at each sample location.  Chilled samples 
were sealed then placed in a cooler with ice. Ambient samples were put in a dry 
box that was kept out of direct sunlight. 
 Cations (dissolved) Cations (total) Anions Alkalinity 
Filtered Yes No No No 
Acidified Yes Yes No No 
Size (mL) 30 30 15 125 
Storage Ambient Ambient Chilled Chilled 
 
shot technique (Alpers et al., 2013).  Calibrated working standards were analyzed in 
duplicate with each batch for quality assurance.  Sulfur stable isotopes were prepared at 
the USGS stable isotope laboratory in Lakewood, Colorado and analyzed at the Colorado 
School of Mines stable isotope laboratory in Golden, Colorado.  Sample preparation 
techniques are described in detail by Carmody et al. (1998).  Barite precipitated from 
perennial tributary water samples was combusted in a Eurovector 3000 elemental 
analyzer, producing SO2 and delivered to the mass spectrometer using continuous-flow 
techniques with helium as the carrier gas. The methods of reporting, standards used, 
uncertainty, and normalization are shown in table 2.3. 
Table 2.3.  Details of isotope analysis, with standards, uncertainty and 
normalization.  VSMOW – Vienna Standard Mean Ocean Water, SLAP 
– Standard Light Antarctica Precipitation, VCDT – Vienna Canon Diable 
Troilite, NBS-127 – Barite precipitated from modern seawater, Monterey 
Bay, CA. 


















S ‰ VCDT +/-0.25‰ NBS-127 (20.3‰) 
 
2.2.4 Data interpretation 
Coupling graphical and statistical analyses for interpreting water chemistry data is 
an effective method for characterizing hydrologic systems (Guler et al., 2002; Guler and 
Thyne, 2004; Hershey et al., 2010).  Piper plots coupled with a hierarchical cluster 
analysis (HCA) allows objective relationships between tributaries to be recognized based 
solely on major ion chemistry.  Groups were generated by HCA based on similarity in 
water chemistry between the twenty sampled perennial tributaries.  Groups were further 
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investigated by geochemical and geospatial methods to resolve the validity of the 
statistical analysis. 
Geospatial analysis was conducted in ArcGIS and used to investigate geologic, 
geochemical, and statistical data.  To identify what geologic units are exposed in each 
perennial catchment a large digital elevation model (DEM) and five 1:100,000 scale 
geologic maps (Tuba City, Grand Canyon, Fredonia, Mount Trumball, and Peach 
Springs) were compiled.  Geology was characterized for the perennial catchments 
sampled, and surface area percentages of mapped units are provided in Appendix B.  This 
method provided details of the geologic formations of interest, major structural features, 
and spatial relationships from other analyses. 
2.2.5 Geochemical modeling 
Inverse modeling, performed with the software program PHREEQC (Parkhurst, 
1995), constrained the primary minerals with important influence on perennial tributary 
water chemistry.  This method was adapted from Garrels and Mackenzie (1967) and 
follows a mass balance approach to quantify minerals dissolving and/or precipitating 
along subsurface flow paths.  Catchment mineralogy was used to identify primary 
minerals that may be encountered along a flow path (Appendix B). 
Geochemist’s Workbench software (Version 9.0) operating with the Lawrence 
Livermore National Laboratory thermodynamic database (Bethke, 1996) was used to 
constrain and describe the water types based on major ion chemistry.  The model for this 
study begins with rain water and follows a hypothetical reaction path as the water 
permeates into the subsurface, interacts with minerals known to exist in or adjacent to the 
study area, and emanates at a spring.  To simplify the models only the carbonate minerals 
and evaporites that were identified in the PHREEQC simulations as dominant sources of 
solutes to solution were included.  These minerals were also the fastest reacting minerals, 
which have been shown to have the greatest influence on water chemistry in many 
systems (Garrels and Mackenzie, 1967; Plummer et al., 1978; Pokrovsky and Schott, 







2.3 Results and Discussion 
2.3.1 Controls on water chemistry 
Water temperature, conductivity, and pH varied for the twenty perennial 
tributaries sampled (Table 2.1 and Figure 2.3). Water temperature measured in the field is 
more a reflection of the influence of ambient surface temperatures and insolation and 
cannot be attributed to temperature of spring waters.  During the extreme heat in summer 
months water temperatures in the study area experience large daily swings, for example, 





.  Conductivity varied between 250 and 1,000 mS/cm for all but four 
tributaries, which had values between 1,000 and 4,600 (Kanab, Matkatamiba, Crystal, 
and Little Colorado; Figure 2.3).  PH of the perennial tributaries was similar for all 
samples with a total range of 1.15 pH units (Figure 2.3).  None of the measured field 
parameters varied systematically as a function of river kilometer (where 0 is the 
beginning of river kilometer measurement at Lee’s Ferry).  
The chemistry of perennial tributaries varies significantly with water composition 
ranging from Ca/Mg-HCO3 to Na-Cl to Ca-SO4 (Figure 2.4) indicating variable controls 
on water chemistry across the study site.  Total dissolved solids (TDS) range from 150 to 
2,500 parts per million (ppm) and is correlated to water type based on results from 
hierarchical cluster analysis with TDS generally increasing from group 1 to group 7 
(Figure 2.5).  The water samples split into 7 groups based on Wards linkage and 















, SiO2.  The number of groups is indicative of the variability in water chemistry 
across the study site and that the major ion chemistry is an effective grouping method for 
these water samples. Groups 2, 3, 4, and 7 appear to be spatially related, while group 1 is 
not, and groups 5 and 6 represent only one tributary each (Figure 2.6).  Group 1 spans the 
study area and includes 5 tributaries with a range in TDS of 380 to 550 ppm.  The water 
types range from Ca/Mg-HCO3 to Ca/Mg-SO4 waters.  Groups 2 and 3 each have 4 
tributaries that drain from the central Grand Canyon region between river kilometers 220 
and 354, with group 3 draining only the north rim (Figure 2.6).  These waters have the  
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Figure 2.3.  Field data plotted for pH (blue squares), water temperature (green circles), 







Figure 2.4.  Piper plot of all perennial tributary water samples showing variability in 
water chemistry across the study area.   
 
 
Figure 2.5.  Dendrogram generated from HCA using major ion chemistry as the seven 
variables.  Samples are labeled with a prefix of river kilometer followed by abbreviated 
tributary name.  Groups are referred to by numbers of 1-7. 
 
lowest TDS in the study area (between 150-370 ppm) and are Ca/Mg-HCO3 waters 
(Figure 2.7). Group 4 has higher TDS than groups 2 and 3 and all three tributaries in 
group 4 drain the south rim on the western end of the Grand Canyon.  The highest TDS 
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waters (1,600-2,500 ppm) of Crystal and Little Colorado River (group 6 and 5, 
respectively) cluster separately because of their unique water chemistry, but both are Na-
Cl type, located in the central to eastern Grand Canyon region, and discharge from 
opposite sides of the canyon.  Group 7 includes two Ca-SO4 waters, Kanab and 
Matkatamiba Creeks, with TDS of 930 and 1,140 ppm, respectively.  These two 
tributaries are in close proximity to one another and discharge from opposite sides of the 
canyon.  In general, low TDS waters in groups 1-4 are Ca/Mg-HCO3 waters suggesting 
contribution of calcite and dolomite dissolution to the water chemistry (Figure 2.7).  
Waters with high TDS are either Ca-SO4 waters (group 7) or Na-Cl water (group 5 and 
6). Given the evidence of evaporite facies within the Kaibab and Toroweap formations, 
one explanation of the observed distribution of water chemistry is dissolution of 
carbonate minerals along the flowpath through the karsted aquifers with some waters  
coming into contact with and dissolving varying amounts of gypsum (groups 1 and 7, 
specifically) and, more rarely, halite (groups 5 and 6). 
 
 
Figure 2.6.  Sampled tributary drainages are color coded based on the dendrogram and 
statistical cluster analysis.  Tributaries are listed from upstream to downstream in the 





Figure 2.7.  Following the same color and number scheme from the cluster analysis, the 
piper plot above shows where each group plots based on major ion chemistry.  Sizes of 
the dots in the quadrilateral plot are scaled according to TDS. 
 
2.3.2 Isotope geochemistry 
The piper plot, figure 2.7, only considers major ion species. Because high 
concentrations of chloride and sulfate in water can be associated with various sources 
(hydrothermal, hydrocarbon, etc.), stable isotopes were used to further investigate the 
origin of water and the source of dissolved sulfate.  Stable isotope ratios for δ
18
O and δD 
provide insight into the source of tributary waters and processes that may be influencing 
tributary water chemistry by water-rock interaction or evaporation.  Positive values 
represent enrichment of δ
18
O and δD compared to standard mean oceanic water 
(SMOW), while negative values represent depletion relative to SMOW.  All tributary 
samples are depleted in δ
18
O and δD, and are meteoric waters sourced from historical 
precipitation events from central Arizona into southern Utah.  Isotopic compositions of 
the waters fall close to the global meteoric water line (Figure 2.8) defined by a linear 
relationship between δ
18
O and δD (Craig, 1961).  Deviation from the global meteoric 
water line (GMWL) along a slope of +5 indicates some fractionation due to evaporation 
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increasing the heavier fractions of δD and δ
18
O (Figure 2.8).  There appears to be less 
evaporation of south rim tributaries, possibly due to the orientation of drainages with 
respect to insolation.  North rim tributaries are more often south facing and receive more 
direct sunlight, which leads to more fractionation from evaporation.  North rim tributaries 
(squares) generally have more negative values for both δD and δ
18
O, while south rim 
tributaries (circles) have less negative values (Figure 2.8).  These isotopic differences are 
attributed to isotopic variation related to differences of latitude, elevation, and mean 
annual air temperature (Faure, 1986).  
There are two outliers from the north and south rim clusters, both appear to be 
associated with water-rock interactions as δ
18
O becomes heavier and δD remains 
constant.  This process is considered to be associated with water-rock interactions 
because dissolving minerals have no contribution to δD ratios, but have higher ratios of 
δ
18
O relative to meteoric waters (Faure, 1986).  Bright Angel Creek hosts a section of the 
Bright Angel Shear Zone (Billingsley et al., 2000), which could be imparting a heavier 
δ
18
O signature due to waters coming in contact with faulted rocks, or meteoric waters 
mixing with small volumes of fluids permeating through the shear zone (Crossey et al., 
2009).  Spencer Creek has a unique isotopic composition most likely from water-rock 
interactions.  This could be due to long residence time of groundwater or faults 
permeating small volumes of fluid, which are influencing the δ
18
O.  
For the first time sulfur isotopes are used to characterize these waters and evaluate 
sulfate sources in perennial tributaries to the Colorado River in the Grand Canyon.  We 
have identified four potential sources of sulfate to these waters (1) sulfate from the 
original rainwater, (2) sulfate from marine evaporite (gypsum) dissolution, (3) sulfate 
derived from sulfide mineral dissolution, and (4) possible H2S gas migration through 
faults as suggested by Crossey et al. (2006; 2009).  Pre-industrial precipitation in the 
southwest had a δ
34
S range of +7.9‰ (+/-0.9), modern δ
34
S values are closer to +5.8‰ 
(+/-1.4), and SO4
2-
 concentrations range from 0.1 up to 20 mg/L, with an average between 
1-2 mg/L (Figure 2.9) (Gu, 2005; Hutchings et al., 2009; Szynkiewicz et al., 2012).  
Sulfur isotopic composition of marine evaporites is controlled by the sulfur isotopic 




   
Figure 2.8. δ
18
O and δD for the twenty perennial tributaries sampled for this study plotted 
along the global metoric water line (thick black line) calculated using Craig’s (1961) 
equation: δD = 8δ
18
O + 10‰.  North rim tributaries (squares) generally have larger 
negative values than south rim tributaries (squares) suggesting there is a difference in 
isotopic composition of meteoric waters.  The red line projected from Tapeats Creek has 
a slope of +5, representing fractionation by evaporation, and the black arrow points 
toward fractionation from water-rock interaction (Faure, 1986).  Labeled data points: Di-
Diamond, Cr-Crystal, Na-Nankoweap (mouth), Tr-Travertine, Ka-Kanab, Ta-Tapeats, 




































δ18O, ‰  (VSMOW) 
    - North rim 





composition of ocean waters varies over geologic time with isotopic range for δ
34
S in 
Permian marine rocks between +10 to +15‰ (Faure, 1986; Warren, 2006), we thus expect 
gypsum in the Toroweap and Kaibab Formations to have δ
34
S values > +10‰.  δ
34
S 
measured in sulfide minerals in San Andres and Yeso Formations from the southern 
Sacramento Mountains range between -4.2 to -24.5‰, with a median value of -13.7‰ 
(Szynkiewicz et al., 2012).  Sulfate δ
34
S from sulfide dissolution and subsequent 
oxidation to sulfate is expected to be < ~ -4‰ (Clark and Fritz, 1997; Szynkiewicz et al., 
2012).  δ
34
S values for H2S(g) have not been reported in the study area, but volcanic 
sources typically range between -3 to +3‰ (Clark and Fritz, 1997; Warren, 2006).  Given 
these δ
34
S values of different sources of sulfate in the system and variable sulfate 
concentrations we can define three water types (Figure 2.9): (1) waters influenced by 
marine evaporite dissolution that have δ
34
S value > +10‰ and sulfate concentrations 15 to 
750 mg/L, (2) waters with no appreciable sulfate input that have δ
34
S and sulfate 
concentrations similar to rainwater, and (3) waters with elevated sulfate concentrations 
compared to rainwater but with relatively light δ
34
S values compared to rainwater or 
marine evaporites. The source of sulfate to this third group of water is likely oxidative 
dissolution of pyrite that contains a portion of biogenic sulfide.  Samples that fall 
between these three groups likely exhibit mixed mineral sources of sulfate or may be 
influenced by H2S (g) with unknown δ
34
S values. 
 Seven of the twenty tributaries sampled have a δ
34
S value > +10‰ and a wide 
range of sulfate concentrations (15 to 750 mg/L) consistent with gypsum dissolution 
controlling the major ion character of these waters (Figure 2.9).  The marine evaporite 
field includes four of the five highest TDS waters out of all twenty tributaries sampled, 
Crystal, Kanab, Matkatamiba, and Royal Arch.  Samples from Tapeats, Shinumo, and 
Bright Angel fall in the range of sulfate concentrations and δ
34
S of preindustrial 
precipitation in northern Arizona (Gu, 2005; Hutchings et al., 2009) and are considered 
part of the group 3 waters defined above with little to no additional sulfur input to the 
water along the groundwater flow path.  The water in these three tributaries is therefore 
predominantly composed of meteoric waters that reacted with carbonates (dolomite and 
calcite) but not with other soluble marine evaporite minerals. Three Springs and 
Nankoweap both have low δ
34
S values of +2.95 and -0.67‰, respectively (Figure 2.9) that 
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suggests influence from sulfide oxidation as neutral waters interact with sulfide minerals 
in breccia pipes, the Redwall-Muav aquifer, or other adjacent units (Hercod et al., 1998).  
Isotopic fractionation associated with sulfur cycling depends on isotopic rate constants, 
extent of conversion from reactants to products, and whether the system is open or closed 
from other inputs (Krouse and Mayer, 2000).  Without constraints on flow paths being 
open or closed, sulfide isotopic composition of rocks or minerals encountered, residence 
time, and biological influences, the true source of sulfate in these tributaries cannot be 
determined with any more resolution. 
 
   
Figure 2.9.  Results from sulfur isotope analysis plotted against SO4
2-
 composition 
showing a general trend of increasing SO4
2-
 with more positive δ
34
S.  The highest TDS 
waters have sulfur isotope values that indicate a marine evaporite signature.  Labeled data 
point: Na-Nankoweap Creek (mouth), 3Sp-Three Springs Creek, Sp-Spencer Creek, Tr-
Travertine Creek, Sh-Shinumo Creek, LCR-Little Colorado River, Cr-Crystal Creek, Ka-
Kanab Creek, Ma-Matkatamiba Creek. 
 
Little Colorado River (LCR) has a δ
34
S value of +9.4‰, below the range of 
definitively marine evaporite influenced waters.  However, the LCR is dominated by Na-
Cl waters and only has a dissolved sulfate concentration of 181 mg/L, which is less than 
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the mouth (Loughlin, 1983; Cooley, 1976), any of which may intersect sulfide minerals 
(δ
34
S range between -4.2 to -24.5‰; Szynkiewicz et al., 2012) and influence the bulk δ
34
S 
value for the entire tributary.  Deer Creek is a low TDS water from group 2 and has a 
marine evaporite signature indicating the flow path briefly intersects marine evaporites, 
while the higher TDS waters interact with marine evaporites more than once, or for a 
longer period of time prior to reaching the Colorado River. 
Seven tributaries, those from groups 2 and 4, have δ
34
S ranging from +6 to +8‰ 
(Figure 2.9).  These waters fall between the groups identified based on known sulfur 
sources (Figure 2.9). The isotopic composition of these samples is the same as that 
expected for preindustrial Arizona precipitation, but the dissolved sulfate concentrations 
are greater relative to precipitation (from 1-2 mg/L to between 10-40 mg/L).  Tributaries 
from groups 2 and 4 are in close spatial proximity to one another (Figure 2.6), suggesting 
a similar source of sulfate to these waters, possibly a mix of water-rock interaction 
signatures from evaporite and sulfide mineral dissolution or a potential local source of 
sulfate to perennial tributary waters with unknown δ
34
S values (H2S(g)).  Isotopic 
signatures of small contributions of sulfate derived from sulfide dissolution are largely 
overprinted by marine sulfate from evaporite dissolution in the southern Sacramento 
Mountains of New Mexico (Szynkiewicz et al., 2012), providing a potential explanation 
of mixed water-rock reaction for the δ
34
S in groups 2 and 4. 
Isotope geochemical models were created to evaluate the possibility of water-rock 
interaction between groundwater and evaporite +/- sulfide on δ
34
S in the sampled waters.  
Geochemical model results in Figure 2.10 reacted 100 mg of three different ratios from 
gypsum and pyrite with δ
34
S values +13.0 and -13.7, respectively, and minor amounts of 
calcite and dolomite.  Based on these models it is entirely possible that the δ
34
S measured 
in the sampled tributaries reflects varying degrees of dissolution of marine evaporites and 
sulfide minerals.   While a contribution of gaseous H2S to sulfate in the tributary waters 
cannot be ruled out, the geochemical variability and isotopic composition of the sampled 
perennial tributaries can be explained through a combination of water-rock interaction 





Figure 2.10.  Isotope model results from reacting varying ratios of gypsum and pyrite 
with δ
34
S values +13.0 and -13.7, respectively.  The three models can bracket the 
variability in δ
34
S and sulfate concentration by reactions with marine evaporites and 
sulfides, which are known to exist in the region.  Model 1 reacted 100mg of gypsum, 
Model 2 reacted 90mg of gypsum and 10mg of pyrite, Model 3 reacted 70mg of gypsum 
and 30mg of pyrite.  If Model 1 was to react more gypsum it would follow the dotted red 
line. 
 
Using all of the water chemistry data, we present a conceptual model where 
water-rock interaction is the dominant source of water chemistry variability in the twenty 
perennial tributaries sampled in this study.  In this model, rainwater from a distant 
recharge area (Mt. Elden, Hutchings et al., 2009) enters into the Redwall-Muav aquifer 
where it flows along a variety of flow paths.  In a geochemical framework we develop 
three different flow paths where the water comes into contact with (1) dolomite + calcite, 
(2) dolomite + calcite + gypsum, and (3) dolomite + calcite + halite to represent end 
member groundwater compositions in this system (Figure 2.11).  After the water reacts in 
each of these three scenarios calcite precipitates out of solution, representing calcite and 
travertine precipitation (photos in Appendix D) as spring waters equilibrate with surface 



















Figure 2.11.  Conceptual model describing the geochemical reaction-path of three end 
member water types.  The major ion species generated from these reactions are shown 
with each respective mineral.  Arrows represent the end member flowpaths and are color 
coded based on TDS where blue is low TDS and red is high TDS.  
 
2.3.3 Geochemical models 
We used geochemical models to test the hypothesis and conceptual model that 
dissolution of highly reactive marine evaporites and carbonate minerals contributes to 
water chemistry variability in the twenty perennial tributaries sampled for this study.  The 
geochemical models were constructed to produce three major end member water types 
listed in table 2.4 by reacting representative Arizona monsoon precipitation (Hutchings et 
al., 2009) with calcite, dolomite, halite, and gypsum followed by precipitation of calcite.  
The waters that fall between these end members on the piper plot can be explained by 
varying influences of evaporites and dolomite, as well as varying amounts of calcite 
precipitation.  These models are used to characterize a hypothetical flow path for the 
purposes of understanding general trends to the primary influences on water chemistry 
variability in this setting. 
Table 2.4.  The three end member water types that characterize the perennial 
tributaries of the Colorado River.  All other sampled tributaries can be 
explained by variations of these three end member flow paths. 
End Member TDS (mg/kg) Water-type Representative Tributaries 
Dolomite 260 Ca – HCO3
 
Pipe Creek 
Gypsum 900 Ca – SO4 Kanab Creek 




Calcite & Dolomite 
CaCO3 & CaMg(CO3)2 






O          Ca²⁺ + SO₄²⁻ + 2H
2
O    
Gypsum endmember 





All models start with the same initial solution, the water chemistry then diverges 
with dissolution of either calcite and dolomite, gypsum, or halite (Figure 2.12A).  For the 
dolomite end member, geochemical models predict rainwater equilibrating with dolomite 






 (blue line in Figure 2.12A).  









 (orange and red lines 





 concentrations and increases the Mg:Ca ratio in all of the models (dots in Figure 
2.12A).  These geochemical models support the conceptual model and can produce the 
variability of water chemistry observed in the twenty perennial tributaries by reacting 
rainwater with dolomite and varying amounts of either gypsum or halite, then allowing 
calcite to precipitate as these fluids equilibrate under atmospheric conditions.   
Models were initially completed without an additional source of CO2 beyond 
atmospheric equilibration of the rainwater.  While the first set of models was able to 
predict the water composition as described by major ions on a piper plot (Figure 2.12A) 
the TDS of most of the models was below the measured TDS and pH was above the 
measured values (Appendix C).  To explore the influence of a gaseous CO2 source from 
deep mantle or magmatic activity (Crossey et al., 2006; 2009) a second set of models was 
developed.  In these models the reaction paths were the same but PCO2 was increased up 
to 10
-1.0
 along the subsurface flow path, then decreased again to atmospheric 
concentrations in the last calcite precipitation step.  The relative geochemical 
composition of final end member waters in this second set of models was nearly identical 
to results from the first set of models (Figure 2.12A vs. B), but the predicted TDS and pH 
is closer to measured TDS and pH (Appendix C).  These models provide an explanation 
of water chemistry variability due to water-rock reaction with an input of gaseous CO2 






Figure 2.12.  Model results for no constraints on CO2(A) and constraints on CO2(B).  
Black star is the initial solution used for all models, halite end member is in red, the 
gypsum end member is in orange, and the dolomite end member is in blue.  The solid 








Figure 2.13.  CO2 constrained model results plotted on top of geochemical data from the 
twenty perennial tributaries.  Each end member model only reacts with halite (red) or 
gypsum (orange), suggesting that the samples that fall between the two end member 
models are likely influenced by a combination of both halite and gypsum. 
 
2.4 Conclusions 
 In this study we used surface water geochemistry and isotopic composition, 
combined with geochemical modeling, to evaluate the impact of water-rock interaction 
on chemistry of perennial tributaries to the Colorado River in the Grand Canyon.  These 
tributaries play an important role in providing habitat for aquatic ecosystems, including 
the endangered humpback chub, in the wake of construction of the Glen Canyon Dam 
and subsequent changes in temperature and turbidity of the Colorado River tail waters.  
Based on results from piper plots, stable isotope geochemistry, and geochemical 
modeling there is evidence that water-rock interactions are the primary influence on the 
variability of water chemistry in the perennial tributaries of the Colorado River in the 
Grand Canyon.  The methods used for characterizing perennial tributaries and 
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investigating the influences on water chemistry were highly effective.  The hierarchical 
cluster analysis grouped perennial tributaries based on major ion chemistry, yet other 
characteristics not included as variables, such as TDS, geospatial extent, and δ
34
S 
generally follow trends defined by the clustering.  
Oxygen and hydrogen isotopic analysis supports the hypothesis that surface 
waters in these tributaries are comprised of meteoric water with some influence of water-
rock reaction on the oxygen isotopic composition.  Sulfur isotopes are consistent with the 
model of water-rock interaction without the need for an additional source of sulfur from 
H2S(gas) as has been hypothesized in previous studies (Crossey et al., 2006; 2009; Hill and 
Polyak, 2010).  Results from sulfur isotopes determined that 7 of the twenty perennial 
tributaries analyzed for δ
34
S are influenced by overlying marine evaporite rocks from the 
Permian.  These tributaries generally have high TDS waters indicating that water-rock 
interaction with marine evaporites is the primary influence on TDS.  Three tributaries are 
only influenced by the dissolution of carbonates, while two tributaries are influenced by 
sulfide oxidation.  The tributaries that fall between δ
34
S +6 to +8‰ are relatively low TDS 
waters with small concentrations of dissolved sulfate.  The anomalous δ
34
S values of +6 
to +8‰ could be from a number of factors ranging from volcanically derived fluids 
intersecting flow paths, to sulfide oxidation coupled with marine evaporite dissolution, 
and requires more in depth analysis to resolve.  The variability of δ
34
S indicates that there 
are multiple processes that influence the variable water chemistry of twenty perennial 
tributaries to the Colorado River in the Grand Canyon.   
Piper plots coupled with geochemical models verifies the hypothesis of water 
rock interactions controlling water chemistry variability.  The twenty sampled waters 
range in composition from Ca/Mg-HCO3, to Ca-SO4, to Na-Cl type waters suggesting 
varying degrees of influence of marine evaporite dissolution (gypsum and halite) on 
water chemistry.  Geochemical models were created to predict evolution of groundwater 
through carbonate minerals with or without evaporites present, which matches observed 
variability of chemical composition.  When the modeled system is open to CO2 (an added 
CO2 flux to represent CO2 gas inputs to the system from deep magmatic or mantle 
sources) the results match the chemical composition, the total dissolved solids, and pH 
much more closely (Appendix C).   
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More detailed sampling of springs, gases, and minerals in the region for isotopic 
and geochemical composition would help constrain the conceptual and numerical models 
presented here.  To constrain the primary inputs from water-rock interaction, bulk rock 
geochemistry of Redwall and Muav limestones and quantification from minor 
constituents of sulfide minerals by measuring the δ
34
S value for those sulfides as well as 
Toroweap and Kaibab gypsum would bracket the mineralogy from host rocks.  Stable 
isotope analysis of δ
37
Cl from perennial tributary waters can determine the provenance of 
dissolved chloride, which can be from evaporites, magmatic minerals, alteration minerals, 
or volcanic gases (Clark and Fritz, 1997).  This information would be especially useful 
for tributaries that have a δ
34
S range between +6 to +8‰ and Little Colorado River, which 
has a δ
34
S value of +9.4‰, just below the widely accepted value of marine evaporites 
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APPENDIX A - Water Chemistry Data 
 
Table A.1.  Field data and major ion species from ICPAES, ICPMS and alkalinity.  
Conductivity units are in mS/cm, water temperatures are in ⁰C, Alkalinity is CaCO3 
























Table A.2.  Trace metal concentrations from ICPAES and ICPMS.  F and NO3 are in 















APPENDIX B - Lithology and Mineralogy Data 
Table B.1.  Geologic units with formation name and observed rocks and minerals, reported by Billingsley, et al. (2000; 2003; 2006; 































Table B.2.  Lithology in tributary catchments 8-20 are listed below, with water type, pH, 
and TDS (mg/kg).  Lithology units are reported in Billingsley, et al. (2000; 2003; 2006; 
2008; 2012).  Drainage areas were calculated in ArcGIS.  Geologic unit surface area was 













Table B.3.  Lithology in tributary catchments 21-37 are listed below, with water type, pH, 
and TDS (mg/kg).  Lithology units are reported in Billingsley, et al. (2000; 2003; 2006; 
2008; 2012).  Drainage areas were calculated in ArcGIS.  Geologic unit surface area was 






APPENDIX C - Geochemist’s Workbench Input Files 
 
Low TDS end member 
     > # React script, saved Sat Mar 29 2014 by Owner 
     > data = "C:\Program Files\Gwb\Gtdata\thermo.dat" verify 
     > temperature = 25 C 
     > H2O          = 1 free kg 
     > HCO3-        = .986 mg/kg 
     > pH           = 5.51 
     > Ca++         = 1.37 mg/kg 
     > Mg++         = 5.88 mg/kg 
     > K+           = .772 mg/kg 
     > Na+          = 7.04 mg/kg 
     > SO4--        = 4.11 mg/kg 
     > Cl-          = 21 mg/kg 
     > balance on Cl- 
     > NO3-         = 12.2 mg/kg 
     > react .15 g of Dolomite 
     > react .15 g of Calcite 
     >  
     > suppress  Anhydrite Aragonite Artinite Brucite 
     > suppress  Dolomite Dolomite-dis Dolomite-ord Gypsum 
     > suppress  Huntite Hydromagnesite Magnesite Monohydrocalcite 
     > suppress  Nesquehonite Calcite 
 
Gypsum end member 
     > # React script, saved Wed Apr 02 2014 by Owner 
     > data = "C:\Program Files\Gwb\Gtdata\thermo.dat" verify 
     > temperature = 25 C 
     > H2O          = 1 free kg 
     > HCO3-        = .986 mg/kg 
     > pH           = 5.51 
     > Ca++         = 1.37 mg/kg 
     > Mg++         = 5.88 mg/kg 
     > K+           = .772 mg/kg 
     > Na+          = 7.04 mg/kg 
     > SO4--        = 4.11 mg/kg 
     > Cl-          = 21 mg/kg 
     > balance on Cl- 
     > NO3-         = 12.2 mg/kg 
     > react .3 g of Dolomite 
     > react .1 g of Calcite 
     > react .75 g of Gypsum 
     >  
     > suppress  Anhydrite Aragonite Artinite Brucite 
     > suppress  Dolomite Dolomite-dis Dolomite-ord Gypsum 
     > suppress  Huntite Hydromagnesite Magnesite Monohydrocalcite 

















Constrain CO2 – Low TDS end member 
     > # React script, saved Sat Mar 29 2014 by Owner 
     > data = "C:\Program Files\Gwb\Gtdata\thermo.dat" verify 
     > temperature = 25 C 
     > H2O          = 1 free kg 
     > HCO3-        = .986 mg/kg 
     > pH           = 5.51 
     > Ca++         = 1.37 mg/kg 
     > Mg++         = 5.88 mg/kg 
     > K+           = .772 mg/kg 
     > Na+          = 7.04 mg/kg 
     > SO4--        = 4.11 mg/kg 
     > Cl-          = 21 mg/kg 
     > balance on Cl- 
     > NO3-         = 12.2 mg/kg 
     > react .1 g of Dolomite 
     > react .1 g of Calcite 
     > slide log fugacity of CO2(g) to -1 
     >  
     > suppress  Anhydrite Aragonite Artinite Brucite 
     > suppress  Dolomite Dolomite-dis Dolomite-ord Gypsum 
     > suppress  Huntite Hydromagnesite Magnesite Monohydrocalcite 
     > suppress  Nesquehonite Calcite  
 
Halite end member 
     > # React script, saved Mon Mar 31 2014 by Owner 
     > data = "C:\Program Files\Gwb\Gtdata\thermo.dat" verify 
     > temperature = 25 C 
     > H2O          = 1 free kg 
     > HCO3-        = .986 mg/kg 
     > pH           = 5.51 
     > Ca++         = 1.37 mg/kg 
     > Mg++         = 5.88 mg/kg 
     > K+           = .772 mg/kg 
     > Na+          = 7.04 mg/kg 
     > SO4--        = 4.11 mg/kg 
     > Cl-          = 21 mg/kg 
     > balance on Cl- 
     > NO3-         = 12.2 mg/kg 
     > react .5 g of Dolomite 
     > react .5 g of Calcite 
     > react 2 g of Halite 
     >  
     > suppress  Anhydrite Aragonite Artinite Brucite 
     > suppress  Dolomite Dolomite-dis Dolomite-ord Gypsum 
     > suppress  Huntite Hydromagnesite Magnesite Monohydrocalcite 
     > suppress  Nesquehonite Calcite 
50 
 
Constrain CO2 - Gypsum end member 
   > # React script, saved Wed Apr 02 2014 by Owner 
     > data = "C:\Program Files\Gwb\Gtdata\thermo.dat" verify 
     > temperature = 25 C 
     > H2O          = 1 free kg 
     > HCO3-        = .986 mg/kg 
     > pH           = 5.51 
     > Ca++         = 1.37 mg/kg 
     > Mg++         = 5.88 mg/kg 
     > K+           = .772 mg/kg 
     > Na+          = 7.04 mg/kg 
     > SO4--        = 4.11 mg/kg 
     > Cl-          = 21 mg/kg 
     > balance on Cl- 
     > NO3-         = 12.2 mg/kg 
     > react .3 g of Dolomite 
     > react .1 g of Calcite 
     > react .75 g of Gypsum 
     > slide log fugacity of CO2(g) to -1 
     >  
     > suppress  Anhydrite Aragonite Artinite Brucite 
     > suppress  Dolomite Dolomite-dis Dolomite-ord Gypsum 
     > suppress  Huntite Hydromagnesite Magnesite Monohydrocalcite 
     > suppress  Nesquehonite Calcite 
 
Constrain CO2 - Halite end member 
     > # React script, saved Sat Mar 29 2014 by Owner 
     > data = "C:\Program Files\Gwb\Gtdata\thermo.dat" verify 
     > temperature = 25 C 
     > H2O          = 1 free kg 
     > HCO3-        = .986 mg/kg 
     > pH           = 5.51 
     > Ca++         = 1.37 mg/kg 
     > Mg++         = 5.88 mg/kg 
     > K+           = .772 mg/kg 
     > Na+          = 7.04 mg/kg 
     > SO4--        = 4.11 mg/kg 
     > Cl-          = 21 mg/kg 
     > balance on Cl- 
     > NO3-         = 12.2 mg/kg 
     > react .15 g of Dolomite 
     > react 1 g of Calcite 
     > react 1.5 g of Halite 
     > slide log fugacity of CO2(g) to -1 
     >  
     > suppress  Anhydrite Aragonite Artinite Brucite 
     > suppress  Dolomite Dolomite-dis Dolomite-ord Gypsum 
     > suppress  Huntite Hydromagnesite Magnesite Monohydrocalcite 
     > suppress  Nesquehonite Calcite 
51 
 
Geochemical Model Results 
All reactions are per liter of solution 
 
Non CO2 Models 
 





pH 5.51 10.59 
TDS (mg/kg) 53 362 
CO2 fugacity (log) -3.398 -6.107 
Water Type Mg-Cl Ca-CO3 
 






pH 10.59 10.526 8.65 
TDS (mg/kg) 362 261 262 
CO2 fugacity (log) -6.107 -6.100  
Water Type Ca-CO3 Ca-CO3 Mg-HCO3 
 






pH 5.51 10.524 
TDS (mg/kg) 53 1054 
CO2 fugacity (log) -3.398 -6.090 
Water Type Mg-Cl Ca-SO4 
 






pH 10.524 9.813 8.43 
TDS (mg/kg) 1054 648 931 
CO2 fugacity (log) -6.090 -5.972  
Water Type Ca-SO4 Ca-SO4 Ca-SO4 
 





pH 5.51 10.754 
TDS (mg/kg) 53 3059 
CO2 fugacity (log) -3.398 -6.104 
Water Type Mg-Cl Na-Cl 
 
Halite Endmember – Precipitate 0.65 gram of calcite 




pH 10.754 10.602 8.57 
TDS (mg/kg) 3059 2408 1638 
CO2 fugacity (log) -6.104 -6.086  
Water Type Na-Cl Na-Cl Na-Cl 
 
CO2 constrained models 
 






pH 5.51 6.39 
TDS (mg/kg) 53 537 
CO2 fugacity (log) -3.398 -1.00 
Water Type Mg-Cl Ca-HCO3 
 







pH 6.39 8.525 8.65 
TDS (mg/kg) 537 232 262 
CO2 fugacity (log) -1.00 -3.40  
Water Type Ca-HCO3 Ca-HCO3 Mg-HCO3 
 
Gypsum Endmember – React 0.3 gram of dolomite, 0.1 gram calcite, and 0.75 gram of 







pH 5.51 6.657 
TDS (mg/kg) 53 1462 
CO2 fugacity (log) -3.398 -1.0 
Water Type Mg-Cl Ca-HCO3 
 








pH 6.657 7.847 8.43 
TDS (mg/kg) 1462 662 931 
CO2 fugacity (log) -1.0 -3.40  
Water Type Ca-HCO3 Ca-SO4 Ca-SO4 
 
Halite Endmember – React 1.0 gram calcite, 0.15 gram dolomite, 1.5 grams of halite, 







pH 5.51 7.055 
TDS (mg/kg) 53 3561 
CO2 fugacity (log) -3.398 -1.0 












pH 7.055 8.424 8.57 
TDS (mg/kg) 3561 1700 1638 
CO2 fugacity (log) -1.0 -3.4  
Water Type Na-Cl Na-Cl Na-Cl 
 
Sulfur Isotope Models 
 
0.0_Pyrite and 1.0_Gypsum 
> # React script, saved Thu Apr 24 2014 by Owner 
> data = "C:\Program Files\Gwb\Gtdata\thermo.dat" verify 
> temperature = 25 C 
> H2O          = 1 free kg 
> HCO3-        = .986 mg/kg 
> pH           = 5.51 
> Ca++         = 1.37 mg/kg 
> Mg++         = 5.88 mg/kg 
> K+           = .772 mg/kg 
> Na+          = 7.04 mg/kg 
> SO4--        = 4.11 mg/kg 
> Cl-          = 21 mg/kg 
> balance on Cl- 
> NO3-         = 12.2 mg/kg 
> swap O2(g) for O2(aq) 
> O2(g)        = .21 fugacity 
> Fe++         = .1 mg/kg 
> react .1 g of Dolomite 
> react .1 g of Calcite 
> slide log fugacity of CO2(g) to -1 
> react 100 mg of Gypsum 
> react 0 mg of Pyrite 
> 
> sulfur initial = 7.9 
> sulfur Gypsum = 13 
> sulfur Pyrite = -13.7 
> 
> suppress  Anhydrite Aragonite Artinite Brucite 
> suppress  Dolomite Dolomite-dis Dolomite-ord Gypsum 
> suppress  Huntite Hydromagnesite Magnesite Monohydrocalcite 
> suppress  Nesquehonite Calcite Hematite Siderite 
> suppress  Goethite Magnetite Ferrite-Ca Pyrite 
> suppress  Ferrite-Mg Fe(OH)3(ppd) Pyrrhotite Fe(OH)3 





0.1_Pyrite and 0.9_Gypsum 
     > # React script, saved Thu Apr 24 2014 by Owner 
     > data = "C:\Program Files\Gwb\Gtdata\thermo.dat" verify 
     > temperature = 25 C 
     > H2O          = 1 free kg 
     > HCO3-        = .986 mg/kg 
     > pH           = 5.51 
     > Ca++         = 1.37 mg/kg 
     > Mg++         = 5.88 mg/kg 
     > K+           = .772 mg/kg 
     > Na+          = 7.04 mg/kg 
     > SO4--        = 4.11 mg/kg 
     > Cl-          = 21 mg/kg 
     > balance on Cl- 
     > NO3-         = 12.2 mg/kg 
     > swap O2(g) for O2(aq) 
     > O2(g)        = .21 fugacity 
     > Fe++         = .1 mg/kg 
     > react .1 g of Dolomite 
     > react .1 g of Calcite 
     > slide log fugacity of CO2(g) to -1 
     > react 90 mg of Gypsum 
     > react 10 mg of Pyrite 
     >  
     > sulfur initial = 7.9 
     > sulfur Gypsum = 13 
     > sulfur Pyrite = -13.7 
     >  
     > suppress  Anhydrite Aragonite Artinite Brucite 
     > suppress  Dolomite Dolomite-dis Dolomite-ord Gypsum 
     > suppress  Huntite Hydromagnesite Magnesite Monohydrocalcite 
     > suppress  Nesquehonite Calcite Hematite Siderite 
     > suppress  Goethite Magnetite Ferrite-Ca Pyrite 
     > suppress  Ferrite-Mg Fe(OH)3(ppd) Pyrrhotite Fe(OH)3 











0.3_Pyrite and 0.7_Gypsum 
 
     > # React script, saved Thu Apr 24 2014 by Owner 
     > data = "C:\Program Files\Gwb\Gtdata\thermo.dat" verify 
     > temperature = 25 C 
     > H2O          = 1 free kg 
     > HCO3-        = .986 mg/kg 
     > pH           = 5.51 
     > Ca++         = 1.37 mg/kg 
     > Mg++         = 5.88 mg/kg 
     > K+           = .772 mg/kg 
     > Na+          = 7.04 mg/kg 
     > SO4--        = 4.11 mg/kg 
     > Cl-          = 21 mg/kg 
     > balance on Cl- 
     > NO3-         = 12.2 mg/kg 
     > swap O2(g) for O2(aq) 
     > O2(g)        = .21 fugacity 
     > Fe++         = .1 mg/kg 
     > react .1 g of Dolomite 
     > react .1 g of Calcite 
     > slide log fugacity of CO2(g) to -1 
     > react 70 mg of Gypsum 
     > react 30 mg of Pyrite 
     >  
     > sulfur initial = 7.9 
     > sulfur Gypsum = 13 
     > sulfur Pyrite = -13.7 
     >  
     > suppress  Anhydrite Aragonite Artinite Brucite 
     > suppress  Dolomite Dolomite-dis Dolomite-ord Gypsum 
     > suppress  Huntite Hydromagnesite Magnesite Monohydrocalcite 
     > suppress  Nesquehonite Calcite Hematite Siderite 
     > suppress  Goethite Magnetite Ferrite-Ca Pyrite 
     > suppress  Ferrite-Mg Fe(OH)3(ppd) Pyrrhotite Fe(OH)3 







APPENDIX D - Field Photos 
 
 
Little Colorado River.  Travertine dams span the width of the river and incorporate twigs 















Havasu Creek.  Looks similar to Little Colorado River water and precipitates travertine. 
 
